Different two-dimensional materials, when combined together to form heterostructures, can exhibit exciting properties that do not exist in individual components. Therefore, intensive research efforts have been devoted to their fabrication and characterization. Previously, vertical and in-plane two-dimensional heterostructures have been formed by mechanical stacking and chemical vapor deposition. Here we report a new material system that can form in-plane p-n junctions by thermal conversion of n-type SnSe 2 to p-type SnSe. Through scanning tunneling microscopy and density functional theory studies, we find that these two distinctively different lattices can form atomically sharp interfaces and have a type II to nearly type III band alignment.
INTRODUCTION P-n junctions lie at the heart of solid state electronics. Modern silicon based devices rely on ion implantation to convert lithographically defined patterns of either p or n type wafers to the opposite doping type, forming p-n junctions. 1 However, ion implantation has limited application in newly emerged two-dimensional (2D) electronic materials. Due to their many novel properties, 3 2D materials have attracted a lot of research efforts in the last few years. [2] [3] [4] The family of 2D materials has been ever enlarging, ranging from superconductors (e.g. NbSe 2 ), 5, 6 semimetals (e.g. graphene), 7 semiconductors (e.g. MoS 2 ), 8 to insulators (e.g. BN). Among them, the semiconducting 2D materials, such as the transitional-metal dichalcogenides (TMDs), received special attention for their possible applications in electronics. With only a few atomic layers, this group of materials shows high mobility, 9 suitable band gaps, 10 intriguing valley physics 11 and so on. As building blocks for complicated devices, p-n junctions based on 2D materials are highly demanded. Ion implantation, the traditional method for forming p-n junctions in threedimensional silicon, cannot be used here due to the atomically thin body of 2D materials. So far, mainly two routes have been taken to tackle this problem. In one way, mechanical exfoliation and sequential stacking of naturally p and n type 2D flakes were used to form vertical heterojunctions. Light emitting diodes, 12 tunnel devices 13 and photovoltaics 14 have been realized with devices fabricated this way. Alternatively, chemical vapor deposition (CVD) was used to obtain in-plane heterostructures, which are preferred for their planer geometry. With this method, in-plane heterostructures and p-n junctions consisting of WS 2 /WSe 2 , 15 WS 2 /MoS 2 , 16 MoSe 2 /WSe 2 , 17 WSe 2 /MoS 2 18 and MoS 2 /MoSe 2 19 were successfully grown and characterized. A most recent work has further improved this method to a new level and in-plane TMD superlattice can be grown. 20 However, all these heterojunctions are based on CVD grown TMDs. It is interesting and important to explore other 2D systems that can form planer p-n junctions with new mechanisms. In this article, we report a novel method for creating in-plane p-n heterostructures by selective thermal conversion of layered SnSe 2 to SnSe. We use Raman forming in-plane p-n junctions by thermal conversion and its comprehensive microscopic study is of great importance for creating and studying new heterostructures based on this system. SnSe 2 belongs to the hexagonal crystal system, with the space group of P3 ̅ m1. It crystalizes in the 1T layered structure, as shown in Fig. 1a . Unlike the common 2H structure of TMDs, each layer of SnSe 2 has the inversion symmetry and six selenium atoms occupy the octahedral coordination around a tin atom. Optical absorption data has indicated that bulk SnSe 2 has an indirect band gap of about 1 eV. 21, 22 Being a typical van der Waals material, it can be readily exfoliated or CVD grown into few layer flakes. Its electronic and photoelectronic properties as a 2D material have been studied by several groups. Transport studies found it to be a heavily n 5 doped material with electron density up to 1.3×10 19 cm -3 . 23 Few-layer SnSe 2 field-effect transistors (FETs) without any device optimization already showed a room temperature mobility to be as high as 85 cm 2 V -1 s -1 , 23 compared favorably with that of the TMDs. Photoelectronic devices made on monolayer SnSe 2 also showed its superior photosensitivity. 24 On the other hand, SnSe belongs to the orthorhombic lattice system, with the space group Pnma. 25, 26 As a newly discovered thermal electric material with the record high figure of merit ZT, 27, 28 bulk SnSe has been studied extensively in the last few years. [29] [30] [31] [32] [33] 2D SnSe flakes have been synthesized with CVD and their electrical properties were explored. 34, 35 Transport measurements showed that SnSe is intrinsically p doped with interesting in-plane anisotropy. 35 Besides the experimental efforts, 2D SnSe also attracted a lot of theoretical interests [36] [37] [38] [39] [40] due to their puckered lattice structure ( Fig. 1a ), which is similar to that of black phosphorus. Properties such as tunable inplane ferroelectricity, 41 giant piezo-electricity, 37 valley physics 40 and so on have been predicted.
RESULTS AND DISCUSSION
Previous transmission electron microscopy (TEM) study has shown that thin flakes of SnSe 2 can be partially converted to nanometer sized patches of SnSe with high energy electron beam radiation. 42 This result showed that Se atoms in SnSe 2 can be removed with external energy input.
However, to be compatible with common device fabrication process, thermal conversion is preferred. And also, a technique that can probe both the crystal structure and local electronic properties of the SnSe 2 -SnSe system is needed to study the band alignment at the junctions. To this end, we use the low temperature ultrahigh vacuum STM (Omicron LT) equipped with in situ annealing capability. Fig. 1b shows the SnSe 2 surface imaged by STM before annealing. The triangular lattice of Se atoms is clearly visible and defects are seldom observed. The fast Fourier 6 transform (FFT) of the topography image is shown in Fig. 1c . The measured lattice constant is 0.385 nm, consistent with literature values obtained from X-ray diffraction 43 and our calculated lattice constants (see the Supporting Information, SI).
To explore the possibility of thermally converting SnSe 2 to SnSe, we anneal the STM scanned SnSe 2 crystal in the STM chamber. We found that through annealing the SnSe 2 can be completely transformed to SnSe. By carefully tuning the temperature and annealing time (see Experimental Section, ES, for details), we can achieve a partial conversion, which is confirmed with Raman spectroscopy as shown in Fig. 1d . We can see that Raman peaks corresponding to both SnSe 2 ( 1 mode at 182 cm -1 ) 44 and SnSe ( mode at 65 cm -1 , 125 cm -1 , 148 cm -1 ; 3 mode at 105 cm -1 ) 45 vibrational modes are present in the data. Since the laser spot size used to obtain the Raman spectrum is about 1 μm, this indicates that the SnSe 2 single crystal has turned into a polycrystalline sample with submicron sized SnSe 2 and SnSe crystalline patches. 8
The Raman result is confirmed by the STM images. As shown in Fig. 2a , after annealing we can find atomically flat areas (usually with a size of the tens to hundreds of nanometers) separated by some high ridges (the white part in Fig. 2a ). The lower part of Fig. 2a is clearly a triangular lattice, while the upper part shows a hint of an orthorhombic lattice. When zooming in to each individual flat area with optimized imaging parameters, we can nicely resolve both lattices, as shown in Fig. 2b and 2c , corresponding to the upper and lower part of Fig. 2a , respectively. From measuring the lattice constants in both the real space image and the FFT pattern, we identify that the upper (lower) part is indeed SnSe (SnSe 2 ). The measured lattice constants of the orthorhombic SnSe are a = 0.439 nm and b = 0.419 nm, 46, 47 and that of the hexagonal SnSe 2 is 0.383 nm, both close to the calculated lattice constants with the DFT methods (in the SI).
According to the atomic model shown in Fig. 1a , the top layer in SnSe consists of both tin and selenium atoms, with the tin atoms slightly higher. Tin vacancies are commonly observed as shown in Fig. 2b , while the SnSe 2 surface retains its perfect lattice. Besides this type of roughridge interfaces between SnSe and SnSe 2 , we also find many one-atomic-layer-step interfaces, in which the top layer may be SnSe or SnSe 2 and the bottom layer be the other (Fig. S1 ). Most interestingly, we find that SnSe 2 and SnSe can form atomically sharp interfaces, as shown in Fig.   2d . The left half is SnSe 2 with three-fold symmetry, while the right half is the orthorhombic SnSe.
Previously reported in-plane heterostructures can also have atomically sharp interfaces. But they were all formed between hexagonal lattices with similar lattice constants. [15] [16] [17] [18] [19] [20] Here we see that the two materials with distinct lattice constants and crystal symmetries can be connected seamlessly with the transition width of only one bond length. The possible bond arrangement connecting the two materials will be discussed in the theoretical section. It is also interesting to note that the lattice of SnSe 2 has the same orientation before ( Fig. 1b ) and after (lower part of Fig.   9 2a, Fig. 2c and left part of Fig. 2d ) annealing, while that of the newly formed SnSe is rotated related to SnSe 2 . Through extensive scanning ( Fig. S2 in SI), we find that SnSe can only have specific rotation angles related to SnSe 2 . If we define a Cartesian coordinate as shown in Fig where is an effective potential related to the work functions of the sample and the tip. 48, 49 By using the fitting procedure introduced in the work by Ugeda et al., 49 we find that SnSe 2 and SnSe have band gaps of 2 = 1.21 ± 0.04 eV and = 1.15 ± 0.07 eV, respectively. These values are in close agreement with previous optical measurements. 21, 22, 50, 51 More importantly, we find that the Fermi level in SnSe 2 is only 0.02 eV below the conduction band minimum (CBM), indicating a heavy n type doping reported previously by transport measurements. 23 On the other hand, the Fermi level in SnSe is about 0.1 eV above the valance band maximum (VBM), indicating a heavy p type doping which was also observed by transport. 35 These results show that SnSe 2 -SnSe heterostructure forms a p-n junction with a type II to nearly type III band alignment.
Interesting transport behavior such as rectification and negative differential conductance can be anticipated in such junctions. 52 Besides taking point dI/dV spectra in large flat areas of SnSe 2 and SnSe, we have also taken line spectra across atomically sharp interfaces. One typical result is shown in Fig. 3c , which is taken at 40 points along the dotted blue line in Fig. 2d . Clearly the gap value is much larger than those obtained for SnSe 2 and SnSe individually, and has little spatial dependence across the junction. Actually we can find that ≈ 2 + . This behavior has been confirmed on other atomically sharp junctions (see SI for more data). We believe that this is due to the many nanometer sized patches of SnSe 2 and SnSe usually formed around the atomically sharp junctions and the special band alignment between these two materials. Charge carriers need to tunnel into either the conduction band of SnSe or the valence band of SnSe 2 to be able to conduct through the network of SnSe 2 -SnSe patches to reach the STM sample plate. So the apparent band gap equals the sum of the two band gaps. While for large flat areas, they are presumably connected directly to the sample plate, allowing DOS measurements of each material independently. The results are shown in Fig. 4g , which suggests that the Sn i on the top surface is energetically less favored than Sn i in the bulk material of SnSe 2 . In contrast, the V Sn is more likely to stay on the surface of SnSe. These results nicely explain the observed topography features in Figs. 1 and 2. For SnSe in Fig. 2b , we can see missing atoms due to V Sn with an area density ~ 3×10 12 cm -2 (defect densities with the same order of magnitude have been observed in other scans; see Table   S2 ). While for SnSe 2 , despite the large electron density measured by transport, the STM topography images rarely show any defects on the surface. Our DFT simulation of the 2D contours of the electron partial charge density in (Fig. 5a) shows that the STM topography of SnSe only contains the tin atom positions, which is consistent with our STM topographies in Fig. 2 and a previous report. 31 In Fig. 5b For the DOS curves of SnSe 2 and SnSe, the Fermi levels are set to be 0 eV.
Through the comprehensive STM/STS and DFT study at the atomic scale, we have obtained the structural and electronic information of the randomly formed nanometer-sized SnSe 2 -SnSe heterostructures. However, to further explore its properties by other macroscopic techniques, such as electronic transport measurements, we need to be able to fabricate few-layer SnSe 2 -SnSe junctions at the micrometer scale and more importantly, at predefined locations. At first glance this may seem to be impossible by thermal annealing since the whole SnSe 2 sample is heated uniformly. But we find a way to overcome this difficulty. By covering part of a SnSe 2 flake with hexagonal boron nitride (hBN), we can protect the SnSe 2 underneath from transforming to SnSe, while the exposed part will be converted. Fig. 6a shows such a sample under an optical microscope. The dotted lines outline the edges of the few-layer SnSe 2 flake on a 300 nm SiO 2 substrate. The part enclosed by the green dotted line has an hBN transferred on top (see ES for fabrication details). Fig. 6b is the atomic force microscope (AFM) image of the sample before annealing, and Fig. 6c is the AFM image after annealing (see ES for annealing details). The thickness of the exposed SnSe 2 is reduced by 4 nm, indicating that some material has been evaporated. Then Raman spectra ( Fig. 6d ) are taken at the exposed and covered parts (labeled as positions 1 and 2 in Fig. 6c ) of the SnSe 2 flake. Compared with previously reported Raman spectra for single crystalline SnSe and SnSe 2 , 44,45 the data in Fig. 6d very nicely demonstrates that the exposed part has been fully converted to SnSe while the covered part remains as SnSe 2 (The hBN does not have Raman peaks in this wavenumber range. See Fig. S4 for details.).
Raman mapping at the characteristic phonon modes of SnSe ( 1 mode at 65 cm -1 ) and SnSe 2
( 1 mode at 182 cm -1 ) unambiguously show the spatial extension of SnSe and SnSe 2 , which is defined by the coverage of hBN. This facile method of creating SnSe 2 -SnSe p-n junctions on demand is crucial for device fabrication and measurement. 
CONCLUSIONS
In summary, we have proposed a novel method for creating in-plane p-n junctions in the layered After cooling down naturally, the sample is transferred to the LT chamber to start the STM scanning at 77.6 K.
DFT Calculations. The DFT calculations were performed by using the Vienna Ab initio simulation package (VASP) code 54,55 with the PBE functionals. 56 The projector augmented wave (PAW) potentials were used with a cutoff energy of 500 eV. A force less than 0.02 eV/Å acting on each atom was used as the criterion of relaxation. We used the 3×3×2 supercell and the 9×9×7 Monkhorst-Pack (M-P) mesh to calculate the density of states (DOS) curves in Fig. 4a Fig. 4g and plot the 2D contours of the electron partial charge density in Fig. 5a are aligned under an optical microscope. Next, put the PMMA/hBN down on top of the SnSe 2 flake and bake at 60℃ for 2 minutes. Then take the PDMS off and bake the PMMA/hBN/SnSe 2 at 150℃ for 10 minutes. Later the sample is put into glacier acetic acid for 12 hours to dissolve the PMMA. Finally, the hBN/SnSe 2 structure is formed.
